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An initial pre-concenptual CERMET Nuclear Thermal Propulsion reactor system is

investigated within this paper. Reactor configurations are investigated where the fuel

consists of 60 vol.% UO2 and 40 vol.% W where the UO2 consists of Gd2O3 concentrations

of 5 and 10 mol.%.Gd2O3. The fuel configuration consisting of 5 mol.% UO2 was found to

have a total mass of 2761 kg and a thrust to weight ratio of 4.10 and required a coolant

channel surface area to fueled volume ratio of approximately 15.0 in order to keep the

centerline temperature below 3000 K. The configuration consisting of 10 mol.% Gd2O3

required a surface area to volume ratio of approximately 12.2 to cool the reactor to a peak

temperature of 3000 K and had a total mass of 3200 kg and a thrust to weight ratio of 3.54.

It is not known yet what concentration of Gd2O3 is required to maintain fuel stability at

3000 K; however, both reactors offer the potential for operations at 25,000 lbf and and at

a specific impulse which may range from 900 to 950 seconds.

Nomenclature

g Gravitational acceleration, 9.81 m/s2

Isp Specific Impulse, s
k Thermal conductivity, W/m·k
keff Neutron multiplication number
R Specific gas constant, J/kg·K
T Temperature, K
u velocity vector, m/s
Pc Chamber pressure, MPa
Pe Nozzle exit pressure, MPa

Q̇ Energy transfer rate, W/s
γ Ratio of specific heats
ε Nozzle throat to exit area ratio
ρ Density, g/cm3

τ Shear stress, N/m2

I. Introduction

Robust manned space exploration as well as unmanned space exploration is limited by the ability to
rapidly transport payloads between different celestial targets. Nuclear Thermal Propulsion (NTP) has been
proposed as a near term achievable method of propelling a spacecraft at high thrust and a high specific
impulse.1 Described as simply as possible, an NTP engine consists of a fission reactor comprised of refractory
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materials which is heated to a maximum possible temperature without melting. A low molecular mass
working fluid such as hydrogen is pumped through coolant channels in the reactor absorbing enthalpy from
the reactor system. The hydrogen is fed into a converging-diverging rocket nozzle where the fluid enthalpy
is converted into kinetic energy which produces thrust.

The performance of an NTR engine can be determined as a function of the nozzle area ratio, hydro-
gen chamber temperature and hydrogen chamber pressure.2 The specific impulse can be determined via
Equation 1 where Isp represents the specific impulse, g represents the gravitational constant of 9.81 m/s2,
γ represents the ratio of specific heats, Pc represents the hydrogen chamber pressure, Pe represents the
hydrogen pressure at the nozzle exit and R represents the specific gas constant for hydrogen.
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The hydrogen pressure at the nozzle exit can be determined by numerically solving Equation 2 with
knowledge of the hydrogen chamber pressure and the ratio of the nozzle exit to throat area (ε).
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Figure 1 demonstrates the specific impulse that would be obtained for an NTR engine with a hydrogen
chamber temperature ranging from 1000 K to 3200 K and a chamber pressure of 4.5 MPa at nozzle ratios
ranging from 20 to infinity. Figure 1 clearly demonstrates the advantage of increasing the hydrogen chamber
temperature on the performance of an NTR engine; however, it is also clear that refractory materials are
required to sustain temperatures approaching and possibly even exceeding 3000 K. In theory achieving a
specific impulse in the range of 900 to 950 seconds may be possible with near term technology.
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Figure 1. Temperature dependent specific impulse of a hydrogen cooled NTR engine for nozzle ratios ranging
from 20 to infinity.

A. Tungsten CERMET Fuels

Compact NTR reactors require the use of fuel which is highly enriched in U235 and that can also sustain
temperatures as high as 3000 K for the duration of a mission, where a typical mission to Mars requires 4
rocket burns for a cumulative burn time of approximately 2 hours.1 The fuel must also be able to retain
the fissile material over the duration of the entire mission, resist hydrogen corrosion and erosion and prevent
the migration of radioactive fission products into the hydrogen flow field. The United States of America
conducted significant nuclear rocket engine testing during the ROVER/NERVA program of the 1960’s which
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used carbide based fuel elements engrained with highly enriched uranium dicarbide (UC2) particles, coated
with zirconium carbide (ZrC)3.4 The fuel elements were tested to temperatures as high as 2700 K with
hydrogen outlet temperatures of approximately 2600 K. Unfortunately the graphite matrix material had a
very poor creep strength and had a very strong chemical affinity to hydrogen which led to significant fuels
corrosion over the reactor lifetime.5 Carbon composite fuel elements were tested during the nuclear furnace
program and did show improvement in the mass loss of fuel; however, the creep strength of the fuel was still
quite low.

An alternative to graphite based nuclear rocket fuels are tungsten (W) based Ceramic-Metallic (CER-
MET) fuels where spherical particles of uranium dioxide (UO2) are engrained in a tungsten matrix.6 Tung-
sten is a robust material which is resistant to hydrogen corrosion at very high temperatures and also has
a very high creep strength.7 The high electron density of tungsten is also highly effective in retarding the
migration of fission products and preventing their release into the hydrogen flow. W-UO2 fuels fabricated in
historical programs were fabricated such that the UO2 accounted for 10 to 60 vol.% of the fuel.8 Reducing
the volume fraction of UO2 fuel can help improve the fuel stability; however a reduction in the fuel volume
also has a detrimental effect on the reactor mass required to achieve the appropriate amount of excess re-
activity. Fortunately, tungsten CERMET fuels were produced by the Argonne National Laboratory which
contained 60 vol.% UO2 and were successfully tested at temperatures as high as 3000 K.6 The rest of this
study will assume that fuels can and will be fabricated to 60 vol.% UO2 which will minimize the reactor
mass and maximize the rocket thrust to weight ratio.

Historical tungsten CERMET fuel fabrication programs were successful in fabricating fuel elements which
were tested at refractory temperatures with negligible fuel mass loss; however, stabilizers were required to
retard the formation and migration of liquid uranium within the fuel element. One of the most promising
stabilizers was Gd2O3 (gadolinia) which is mixed into the UO2 fuel particles and sintered into a tungsten
matrix.8 Fuels containing 0, 5 and 10 mol.% gadolinia were tested as a function of thermal cycles to 2750
K and showed that gadolinia did indeed provide a more robust stability as the concentration increased.9

Figure 2 shows the fuel loss from a W-UO2 fuel element as a function of thermal cycles and demonstrates
the effect of Gd2O3 on the mass loss at 2750 K. Unfortunately no data exists which relates the effects of
gadolinia on fuel stability at temperatures higher than 2750 K. The use of 10 mol.% Gd2O3 is a conservative
concentration that will most likely provide stability at temperatures as high as 3000 K; however, gadolinium
is a neutron absorber and will necessitate a larger and more massive reactor to achieve a given excess
reactivity. The addition of 5 mol.% Gd2O3 will result in a smaller reactor than in the case of 10 mol.%;
however, it is not certain that it will provide the required stability at temperatures as high as 3000 K. At
this point in time it is not known if a W-UO2 CERMET fuel element will be fabricated with 5 or 10 mol.%
Gd2O3 and as such both concentrations are considered in the design of an NTR engine.
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Figure 2. Experimental fuel loss from W-UO2 fuel elements as a function of thermal cycles to 2750 K with
Gd2O3 concentrations of 0, 5 and 10 mol.%.
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B. Reactor Configurations

A Nuclear Thermal Propulsion reactor consists of six primary components, which are the axial neutron
reflector, fission fuel, radial neutron reflector, inner and outer pressure vessels and control drums. The fuel
elements and axial neutron reflector are combined into one item and are fabricated to be hexagonal in cross
section.

For the purposes of this study the fuel hexagons are assumed to have a flat-to-flat thickness of 3.51 cm
and a length that varies based on the reactor configuration. Fuel elements consist of of a homogenous mixture
of 60 vol.% UO2 and 40 vol.% tungsten, where the UO2 can contain either 5 mol.% or 10 mol.% Gd2O3.
Each fuel element is connected to a 20 cm long beryllium oxide (BeO) neutron reflector with the exact same
hexagonal cross section as the fuel element. For the purposes of this study the phrase fuel element refers to
the combined fuel hex and axial reflector hex. Each fuel element consists of a number of coolant channels
which can range from 37 to 127, which cuts through both the fuel element and the axial reflector. Each
coolant channel is lined with a 0.009 cm thick cladding tube comprised of W-25wt.%Re. Each fuel element
is surrounded by a tungsten cladding sleeve with a hexagonal cross section that is 0.005 cm thick. Figure 3
shows a schematic of a fuel element with 127 coolant channels on the left and a fuel element with 91 coolant
channels on the right.

Figure 3. CAD diagrams of a fuel element with 127 coolant channels (left) and 91 coolant channels (right)

The fuel elements are arranged into a lattice array within a cylindrical titanium pressure vessel which is
0.635 cm thick. The fuel elements are pinned in place by a series of tungsten pinning rods and are also fastened
to a header plate. The inner pressure vessel is surrounded by a beryllium (Be) radial neutron reflector which
has a variable thickness depending on how many fuel elements are housed in the pressure vessel. Twelve
control drums are housed within the radial reflector, each control drum consists of a titanium housing and
centerline pin, a BeO fill and a outer sheath of enriched boron carbide (B4C) which encompasses a 120o

section of the drum. Figure 4 shows a CAD drawing of one possible reactor configuration which consists of
151 fuel elements 6 lattice rows deep where each fuel element contains 5 mol.% Gd2O3; however, if the fuel
consisted of 10 mol.% Gd2O3, the reactor would require 199 fuel elements 7 lattice rows deep. The reactor
configuration investigated for this study is designed to produce 25,000 lbf of thrust at a specific impulse of
950 seconds, which requires a thermal power of 512 MW.

II. Multiphysics Modeling

Modern computational power and modeling tools allow for the design of fission reactors for power and
propulsion applications with unprecedented coupling between neutronic, thermal hydraulic and stress analy-
sis tools. Previous NTR engine analysis has been conducted with deterministic neutronic analysis tools and
lumped heat capacity thermal hydraulic models10.11 While the combination of SN and lumped heat capacity
models do provide insight into the design and performance of an NTR engine, they lack the required detail
for fabrication and ground testing in the modern engineering world. It is now possible to couple modern
stochastic neutronics tools such as MCNP directly to state of the art Computational Fluid Dynamic pro-
grams (CFD) such as STAR-CCM+, which can provide detailed neutronic and thermal hydraulic analysis as
well as stress analysis of an entire compact fission reactor. This analysis focused on the design of the fission
core and the design of the appropriate surface area to volume ratio required to cool the fuel elements using
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Figure 4. Top down view of a CAD diagram of a reactor configuration with 151 fuel elements and 12 control
drums

a loosely couples suite of tools

A. Monte Carlo Model

The MCNP5 Monte Carlo program was selected to provide the neutronic inputs for the loosely coupled suite
of tools. MCNP5 is a code written by the Los Alamos National Laboratory (LANL) which uses a a random
number generator in combination with a suite os statistical probability distribution functions based on the
energy dependent material cross sections to simulate the transport of neutrons and photons throughout a
reactor geometry.12

The code requires a single source neutron location which was placed at the center of the computational
geometry, from which the program creates 20,000 neutrons and propagates them through the geometry until
they are terminated by leakage, absorption or a fission event. Each fission location is stored in the memory
and is then used as a source location for fission neutrons in the next generation of neutrons. The computer
code tracks the number of fission neutrons produced in each generation and compares it to the number
of neutrons produced in the previous generation. The computer program continues to produce successive
neutron generations until a user specified number of generations has been completed at which point it
averages the ratio of generations to yield the average neutron multiplication number (keff ), which is the
average number of neutrons produced in one generation to the number produced in the previous generation.
A value of keff less than one means the reactor is subcritical and can not sustain a fission chain reaction, a
value greater than one means the reactor is supercritical and is increasing in power and a value equal to one
means the reactor is critical and stable. The first 100 neutron generations are skipped in the calculation of
keff in order to ensure a proper source distribution convergence.

Simultaneously while determining the value of keff , the computer program can also determine the neutron
flux at a given location within the geometry using a track length estimate which is then transformed into
an energy deposition rate using either a modified F4 tally or an F6 tally. The energy deposition estimate
assumes that the kinetic energy of the fission fragments and photons are all deposited locally. MCNP5
does not account for the energy deposited by delayed fissions; however, the delayed contribution of energy
deposition is negligible when the reactor is in a critical or supercritical state.

B. Thermal Hydraulics

The Star-CCM+ version 5.02 Computational Fluid Dynamics (CFD) code was selected to provide an estimate
of the steady state temperature distribution within a nuclear propulsion reactor. STAR-CCM+ is a finite
volume solver code written by CD-Adapco which requires energy deposition rates at the centroid of finite
volume cells which are used as a source term.13 The computer program then solves the Navier-Stokes
equations shown in equations 3-5 using a k−ε model to determine the system turbulence. Within Equations 3
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through 6 the terms ρ represents the fluid density, �u represents the fluid velocity vector, τ represents a shear
stress, P represents the fluid pressure, T represents the temperature, k represents the thermal conductivity
and Q̇ represents the energy transfer rate.

∇ · (ρ�u) = 0 (3)

∇ · (ρ�u
⊗

�u) + ∇P = ∇ · �τ (4)

∇ ·

[
ρ

(
e +

u2

2

)
�u

]
+ ∇(�uP ) = ∇ · (�u · �τ) + ∇ · k∇T (5)

The solid equation was solved using the Laplacian heat conduction model demonstrated in Eq. 6 where
the energy source term is extracted from the MCNP model. An emissive boundary condition was placed on
the periphery of the reactor and an average emissivity of 0.8 was assumed.

Q̇ = ∇ · k∇T (6)

Great care was taken to optimize the mesh structure within the model in order to reduce the compu-
tational run time required to achieve convergence. The reactor model is reduced to a 1/6th sector model
which takes advantage of the azimuthal symmetry in the reactor cylinder. The semi-structured mesh was
generated using GAMBIT such that the number of meshes ranged from 33.7 finite volume cells in the case of
a 37 coolant channel hex model to 138 million finite volume cells in the case of the 127 coolant channel fuel
hex. Computational run times range from less than 12 hours for the 37 coolant channel mode to 36 hours
for the 127 coolant channel model. Figure 5 shows a cross section of the mesh structure within the 37 and
61 coolant channel models.

Figure 5. Schematic of the CFD meshed 1/6th sector reactor with a zoom in on the fuel-pressure vessel
interface for the 37 coolant channel (top) and 61 coolant channel (bottom) models.

The user is responsible for entering the appropriate thermophyscial and mechanical material properties
into the STAR-CCM+ CFD code. Material properties for the beryllium, beryllium oxide, titanium and
boron carbide were compiled from known literature databases and fit to polynomial curves and entered into
the STAR-CCM+ code,14,15,16,17,18.19 The thermal conductivity of a W-60 vol.% UO2 CERMET fuel was
estimated by the use of the Brugman model20 which was compared against experimental results.21 The
specific heat of a dispersion fuel is determined by adding the specific heats of the fuel and tungsten materials
in series based on the mass fractions of both,22.7 Lastly, a FORTRAN 90 program was written to estimate
the temperature and pressure dependent properties of equilibrium hydrogen over the range of 250 K to 5000
K and linked to the STAR-CCM+ code. The temperature and pressure dependent properties of hydrogen
estimated by the FORTRAN program were compared to previous NASA models with good agreements,23.24
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C. Coupled Model

The purpose of the initial CERMET NTR engine study was to determine the optimum coolant channel surface
area to fuel volume ratio (SA/V) required to cool the reactor to a peak temperature of 3000 K. Determination
of the optimum SA/V ratio required a computational model where the number of coolant channels, pitch
distance within the fuel hex as well as coolant channel radius could be manipulated in a rapid fashion. In order
to assist in the rapid development of new computational models where the material types and concentrations
within the fuel as well as the fuel and reactor geometry could manipulated rapidly; a FORTRAN code called
MCNTP (Monte Carlo Nuclear Thermal Propulsion) was written which autonomously creates MCNP5 input
decks. The MCNTP code prompts the operator in an user friendly manner to enter in the appropriate U235

enrichment, fuel volume ratio, type of stabilizer, fuel length, hex flat-to-flat distance, number of coolant
channels as well as many other parameters and then creates the entire reactor geometry.

The MCNP input deck is created to run in a kcode eigen value mode in order to determine the reactor
neutron multiplication number. The code is also created with a segmented F6 tally over each fuel element
in a single lattice row. Each fuel element is divided up into one centimeter segments and the average energy
deposition rate is determined in each segment with the corresponding standard deviation. The output text
file created by the MCNP5 program is read by another FORTRAN program which extracts the axial power
profile for each fuel element which produces a .CSV file listing the x, y, and z coordinates in each fuel
hex and the power deposition at that location. The FORTRAN program assumes azimuthal symmetry to
determine energy deposition profile throughout the entire reactor from the one lattice row of fuel hexes. A
single F6 tally is used in the radial neutron reflector which determines an average volumetric power density
in the cell.

Prior to executing the MCNP5 program, the user manually creates a solid works CAD geometry of the
reactor configuration which is identical to the MCNP geometry created in MCNTP. The user has to manually
interface the CAD solid geometry to STAR-CCM+ and optimize the mesh structure using GAMBIT. Once
the file has been interfaced and meshed, the user then enters the thermophysical properties into the STAR
database as a polynomial equation or a series of discontinuous polynomial equations. The .CSV file created
from the MCNP program is manually interfaced with the STAR program and then the program is initiated
and allowed to run until the residuals are sufficiently low enough and the program has converged. Once the
STAR program has ceased operation the temperature, pressure and stress data can be extracted and post
processed for reduction. Figure 6 demonstrates the flow of information in the model used to generate the
data for this paper. It should be noted that this version of the MCNP5 and STAR-CCM+ space reactor
simulation is not a fully coupled code as data is not autonomously exchanged between programs and their
is no feedback mechanism from the STAR program back into the MCNP program. However, the thermal
expansion coefficient of the fuel is expected to be on the order of 10−6 K−1 and as such the role of fuel
expansion on the reactivity of the system is expected to be negligible. Also the doppler broadening present
in systems highly enriched in U235 is negligible and as such, the change in absorption and fission cross
sections is expected to be small. Figure 6 demonstrates the flow of information in this first version of the
space reactor code suite.

III. Multiphysics Results

A. Reactor System Neutronics

1. Effects of Cladding Sleeves on Reactor Control

Figure 3 demonstrates the cross sectional geometry of a fuel element to include the W-25%Re cladding
tubes and the tungsten cladding sleeves. Unlike the cladding tubes, the cladding sleeves surround the fuel
element and as such can add some neutron reflection to the system. The reflection of neutrons back into
individual fuel elements can be detrimental to reactor control. In a typical nuclear propulsion reactor, a
fraction of the neutron population can leak from the fission core into the beryllium radial reflector. Some of
the leaking neutrons can be captured by the beryllium and undergo a (n, 2n) reaction where two neutrons
are isotropically ejected at back to back angles for every neutron absorbed. A percentage of these (n, 2n)
neutrons are ejected back into the fission core where they contribute to the neutron population causing
fission events. The boron carbide control drums can be rotated such that the B4C is moved closer to the
fission core at which point it absorbs neutrons before they can undergo (n, 2n) interactions in the beryllium,
which reduces the neutron population in the fission core to a point where the system becomes subcritical.
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Figure 6. Diagram demonstrating the flow of information in the combined MCNP5-STAR-CCM+ space reactor
simulation package.

The tungsten cladding sleeves can have a very advantageous effect on optimizing the fuel stability;
however, if the tungsten sleeve prevents neutrons from diffusing into the reflector it can make it very difficult
to bring the system to a subcritical state. In steady state conditions the neutrons population in the core
is maintained by reflection from the tungsten sleeve; however, if the neutrons are reflected before they can
interact with the B4C, shutting the reactor down can be difficult. A sample case was ran, where the reactor
system was computationally built to consists of 60 vol.% UO2 within the fuel and the fuel was mixed with 5
mol.% Gd2O3. Two cases were executed where in one case the fuel elements were surrounded by a cladding
sleeve 0.005 cm thick and in the other case no cladding sleeves were used. In this initial case, the fuel
elements for both reactor configurations consisted of 37 coolant channels per fuel hex. Each reactor system
was designed to have 6 lattice rows of fuel elements totaling 151 and the length of each reactor configuration
was varied such that both systems had approximately the same drums out neutron multiplication number.
The combined MCNTP and MCNP5 code was used to determine the value of keff as a function of drum
rotation angle between 0 and 1800 for both reactor configurations. The reactor configuration where the
cladding sleeve is incorporated was found to have a drum worth of -4.229%Δk/k and the configuration
without the cladding sleeve was found to have a drum worth of -5.816%Δk/k. Figure 7 demonstrates the
drum angle dependent neutron multiplication number of a configuration with and without tungsten cladding
sleeves.

The use of a tungsten cladding sleeve was found to reduce the reactivity control available in the control
drum. It is not known at this time how much shutdown margin is required for a fast spectrum space reactor;
however, the use of the cladding sleeves can retard the ability of the control drums to shut the reactor
down. It may be possible to fabricate the peripheral fuel elements in a manner where the UO2 relative
density is reduced in an effort to reduce fuel loss such that a cladding sleeve is not needed in the peripheral
fuel elements, but will be used in the inner fuel elements. Reducing the UO2 density will necessitate an
increase in the reactor length and mass to achieve a desired excess reactivity; however, it could increase the
control drum effectiveness by allowing more neutrons to leak into the radial reflector. Future computational
experiments will investigate a different fuel configuration for the peripheral elements and their effects on
reactor control.

2. Reactor Volumetric Power Profile

The exact dimensions of a reactor will effect the magnitude of the volumetric energy deposition profile within
the fission core; however the basic geometry is still the same. As an initiating point, the geometry of a slightly
modified XNR-2000 reactor concept was chosen as a baseline.10 The XNR-2000 reactor design consists of
151 fuel elements, each with 37 coolant channels with a radius of 0.1778 cm and lined with a 0.025 cm
thick W-25%Re cladding tube. The modified XNR-2000 core had a coolant channel surface area to fueled
volume ratio of 7.0189. Each fuel element was surrounded with a 0.025 cm thick tungsten cladding sleeve.
The reactor has a length of 90.69 cm and was surrounded by a 16.45 cm thick beryllium neutron reflector
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Figure 7. Plot of the neutron multiplication number as a function of control drum rotation angle for a reactor
configuration where fuel elements are surrounded by a tungsten cladding sleeve and without a cladding sleeve.

and 12 control drums lined with a 600 sheath of B4C. Each fuel element consisted of a 20 cm long BeO
axial neutron reflector and an inner and outer pressure vessel of titanium. The reactor system had a drums
out neutron multiplication number of 1.025 and a control drum worth of -4.04 % Δk/k. The MCNP5 code
was created using the MCNTP program and ran using F6 tallies to determine the neutron heating, gamma
heating and fission heating within the core as well as the neutron and gamma heating within the axial and
radial reflectors. Figure 8 demonstrates a volumetric energy deposition profile within the fission core as a
function of radius (r) and axial position (Z) taken from the data extracted from the MCNP5 program for
the modified XNR-2000 reactor system. A drop in the power density is clearly seen at the axial position
of 20 cm, which represents the interface between the fuel and the axial reflector region. The power profile
drops in a nearly cosine function up to a radial position of 20 cm, where the power begins to increase again
due to the influence of neutrons being reflected by the beryllium reflector and the tungsten cladding sleeves.

Figure 8. Volumetric energy deposition rate profile for the modified XNR-2000 reactor system as a function
of radius and axial length in units of W/m3
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B. Reactor System Thermal Hydraulics

The volumetric power deposition in both the core and the radial reflector were transferred to the STAR-
CCM+ code via a .CSV file and the program was initiated. The centerline radial energy deposition profile
was also used to develop a radial mass flow rate profile in an attempt to flatten the temperature profile
and maximize the average hydrogen outlet temperature. Figure 9 demonstrates the method of producing a
radial mass flat profile. The energy deposition profile was used to determine a mass flow rate per fuel hex
which was divided between each coolant channel in the fuel hex in a manner where the total mass flow rate
summed to the 12.05 kg/s required to produce 25,000 lbf of thrust at 940 seconds of specific impulse. The
diagram on the left side of Figure 9 shows a 1/6th sector of the fission core where rows of fuel hexes are
labeled as ring number, the right side plot demonstrates the mass flow rate per ring.

Figure 9. Radial mass flow rate profile based on the energy deposition profile.

The modified XNR-2000 NTR engine was found to have a coolant channel surface area to fueled volume
ratio that was far to small to maintain a peak fuel temperature of 3000 K or less. The peak fuel temperature
was found to be just slightly below 3700 K, which is nearly 40 degrees above the melting point of tungsten.
Figure 10 shows the top down temperature profile predicted by the STAR-CCM+ computer code. While the
peak temperature is to high for an NTR engine of this type, the code did show the relatively flat temperature
profile produced by radially varying the mass flow rate.

Figure 10. Top down view of the temperature profile predicted by the STAR-CCM+ code for the modified
XNR-2000 NTR engine.

The fission core was redesigned to have 61 coolant channels per fuel hex which is a surface area to volume
ratio of 9.9837, 91 coolant channels per fuel hex (SA/V ratio of 12.458) and 127 coolant channels per fuel
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hex (SA/V ratio of 14.140) The cladding thickness in each case was reduced from 0.025 cm to 0.009 cm and
the cladding sleeve thickness was reduced to 0.005 cm. The UO2 volume ratio was maintained at 60 % and
the Gd2O3 molar fraction was maintained at 5 %. The axial neutron reflector was maintained at a length of
20 cm and the radial reflector and drum configuration was maintained to be the same as the modified XNR-
2000 design. The dimensions core length for each case was adjusted to maintain a drums out keff of 1.025
using the MCNP5 computer code. Unfortunately funding for this study ran out before all configurations
could be tested in the STAR-CCM+ code; however, the 61 and 91 coolant channel configurations were ran
to convergence. The 61 coolant channel configuration had a peak temperature of 3414 K and the 91 coolant
channel configuration had a peak temperature of 3211 K. None of the configurations tested met the criteria
of a peak temperature at or below 3000 K; however, based on the trend it is likely that the 127 coolant
channel configuration would have had a peak temperature at or below 3000 K.

Figure 11 shows a plot which demonstrates the peak fuel temperature predicted for a CERMET NTR
engine as a function of surface area to volume ratio for a W-UO2 fuel which consists of 60 vol.% UO2 and
5 mol.% Gd2O3. The experiment was also conducted for a reactor system where the fuel consisted of 10
mol.% Gd2O3. The reactor configuration consisting of 10 mol.% Gd2O3 required a larger volume to reach
the drums out keff of 1.025 and thereby had a lower power density. The decrease in power density reduced
the surface area to volume ratio to an amount where 91 coolant channel per fuel hex were sufficient to cool
the reactor to a peak temperature of 3000 K which is also shown in Figure 11. Figure 12 demonstrates a
orthogonal view of the temperature profile predicted for an engine which has 91 coolant channels per fuel
hex.
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Figure 11. Top down view of the temperature profile predicted by the STAR-CCM+ code for the modified
XNR-2000 NTR engine.

C. Reactor Performance

The final fuel element configuration for each reactor type (5 and 10 mol.% Gd2O3) were used to determine
the neutron multiplication numbers with the control drums rotated in and out as well as a situation where
the reactor is submerged in fresh water with the coolant channels flooded in a drums out state. The delayed
neutron fraction (β) as well as the average number of neutrons emitted per fission event (ν) were determined.
Each reactor configuration was designed to have a thrust of 25,000 lbf and a specific impulse of 950 seconds.
The weight, thrust to weight ratio and power density were also determined for each conceptual configuration.
Table 1 demonstrates all of the performance parameters for the two different NTR engine configurations and
assumes the balance of plant which includes nozzle, turbopumps, actuators, detectors and misc. items to
have a mass of 700 kg on top of the reactor mass.

Figure 13 shows the neutron multiplication numbers for both configurations as a function of control drum
rotation angle ranging from 0 to 180.
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Figure 12. Orthogonal view of the temperature profile predicted by the STAR-CCM+ code for an CERMET
NTR engine which has as coolant channel surface area to fueled volume ratio of 12.458.

Table 1. Neutronic and performance parameters for a reactor fueled with W-60vol.%UO2 fuel elements con-
sisting of 5 and 10 mol.% Gd2O3.

5 mol.% Gd2O3 10 mol.% Gd2O3

keff (open) 1.02508 1.02462

keff (closed) 0.98571 0.98741

keff (submerged) 0.92154 0.92087

β 0.0066898 0.00647537

ν 2.500 2.48

Mass (kg) 2761 3200

T/W 4.107 3.543

Pd (GW/m3) 9002 6228

IV. Conclusions

A basic model was produced which consolidated the capabilities of MCNP5 and the STAR-CCM+ code
to simulate a Nuclear Thermal Rocket propulsion reactor. The MCNP5 code was used to determine the
excess reactivity within the reactor as well as energy deposition profile within the reflector and fission
core. The energy deposition profile was imported to STAR-CCM+ code which then determined the steady
state temperature profile within the core assuming a hydrogen flow of the appropriate mass flow rate. The
combined codes were not fully coupled, but were still successfully used to determine the appropriate coolant
channel surface area to fueled volume ratio required to cool the core to a maximum temperature of 3000 K.
If the fuel elements consist of 60 vol.% UO2 and 40 vol.% W, with the UO2 consisting of 5 mol.% Gd2O3,
then only 6 lattice rows of fuel hexes are required assuming a flat-to-flat distance of 3.51 cm, and 127 coolant
channels per fuel hex adding up to a surface area to volume ratio of 14.8. In a configuration where 10 mol.%
Gd2O3 is used, then the reactor has a larger volume, requiring 7 lattice rows of fuel hexes and 91 coolant
channels per fuel hex. Each of the configurations used W-25%Re cladding tubes which were 0.009 cm thick
tungsten cladding sleeves 0.005 cm thick. The reactor masses ranged from 2761 kg at 5 mol.% Gd2O3 to
3200 kg at 10 mol.% Gd2O3, which yields a thrust to weight ratio which ranges from 3.543 to 4.107 and a
power density which ranges from 6228 GW/m3 to 9002 GW/m3.
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Figure 13. Neutron multiplication number for reactor configurations consisting of 5 and 10 mol.% Gd2O3 as
a function of control drum rotation angle.

V. Future Work

Future work will focus on transforming the current suite of codes into a fully coupled system, where the
thermal expansion of materials can be fed from the STAR-CCM+ code back into the MCNP5 program in
an attempt to characterize the thermal feedback mechanisms on neutronic behavior. The effect of cladding
tube surface roughness will be evaluated over a range of possible values which may be seen in a flight reactor.
Also, the size of the fuel hex flat-to-flat distance will be manipulated in an effort to determine a size which
produces a minimum stress, while still maintaining the appropriate coolant channel surface area to fueled
volume ratio. Within the next year the authors of this paper hope to begin a more robust structural analysis
in an effort to determine the optimum cladding thickness from both a fission product migration and structural
point of view.
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